ABSTRACT The shear force value is one of the major traits that determine meat quality. In the present study, we performed QTL analysis for chicken breast muscle shear force value at 7 wk of age using 545 single nucleotide polymorphism (SNP) markers developed via restriction-site associated DNA sequencing (RADseq). An F 2 resource family was generated by mating Oh-Shamo, a native Japanese chicken breed, and the White Plymouth Rock chicken breed. A total of 215 F 2 birds were produced. Simple interval mapping revealed one significant main-effect QTL between 6.28 and 8.10 Mb SNPs on the chromosome Z with a logarithm of odds score of 5.53 at the genome-wide 5% level. At this QTL, the confidence interval, phenotypic variance explained, and additive effect were 26 cM, 12.24%, and -0.31 in males and -0.34 in females, respectively. No QTL with epistatic interaction effects were detected. To our knowledge, this is the first report on a QTL affecting the shear force value in the chicken breast muscle, using SNP markers derived from RAD-seq.
INTRODUCTION
Meat tenderness is one of the important factors that determine meat quality and consumers' preference (Lee et al., 2009) . Shear force value is a major determinant of the toughness of poultry meat (Cavitt et al., 2005) . Genetic selection for toughness of poultry meat can provide an accurate and efficient approach for improving livestock (Dekkers, 2004) . Most economic traits, including meat quality, are complex; these are referred to as quantitative traits and are controlled by QTL (Brockmann et al., 1998) . Microsatellite DNA markers have been the prominent molecular markers for detection of QTL since late 1980s (Guichoux et al., 2011) . However, because of their low coverage of chromosomes, the use of microsatellite DNA markers alone is not efficient in detecting the accurate loci that control quantitative traits (Demeure et al., 2013) .
In recent years, SNP markers have been widely used to detect QTL (Kolbehdari et al., 2008; Esteras et al., C 2018 Poultry Science Association Inc. Received January 9, 2018. Accepted October 10, 2018. 1 Corresponding author: tsudzuki@hiroshima-u.ac.jp 2012; Lu et al., 2012) . Because of their abundance and high heritability, SNP markers can provide high-density linkage maps compared to microsatellite markers (Vignal et al., 2002; Demeure et al., 2013) . In chickens, more than 2 million SNPs were detected by whole genome sequencing (Wong et al., 2004) . Lately, restriction-site associated DNA sequencing (RAD-seq) has emerged as a powerful method to detect SNP markers and use them for rapid and economical genotyping using next generation sequencing (Miller et al., 2007; Baird et al., 2008) . RAD-seq allows generation of linkage maps of SNP markers with no reference genome data, which makes the technique applicable to those species for which no reference genome data are available (Baird et al., 2008) . Moreover, RAD-seq provides accurate detection of flanking SNP marker positions in linkage maps for QTL analysis when reference data are available.
In the present study, we used Oh-Shamo (OS) and White Plymouth Rock (WPR) as parental breeds to make an F 2 resource population for QTL analysis. OhShamo is a native Japanese breed with slow growth, high body weight, and low abdominal fat deposition (Tsudzuki, 2003; Tsudzuki et al., 2007; Uemoto et al., 2008) . It is well known that OS meat has chewy large and hard muscles due to the high athletic performance. Although traditionally a cockfighting breed, OS is currently being used for the production of branded meat in Japan because of its excellent meat quality (Japan Chicken Association 2011). In contrast, White Plymouth Rock, a breed developed in the United States of America, is often used as a broiler dam breed owing to its fast growth and high body weight (Bell, 2002) . In a previous study, it was reported that these 2 breeds have large differences in their genetic background (Osman et al., 2006) . The phenotypic and genetic differences between the 2 breeds suggest the existence of a number of SNP markers. The aim of this study was to find QTL affecting the shear force value in chicken breast muscle using SNP markers developed by RAD-seq.
MATERIALS AND METHODS

Animals
One OS male was mated with 4 WPR females to produce F 1 progeny. Subsequently, 215 F 2 birds were obtained from full-sib matings of 5 F 1 males and 16 F 1 females. All chickens were reared in a battery brooder with continuous lighting and feeding and watering ad libitum. A commercial starter diet (metabolic energy: 2,900 kcal/kg, crude protein: 22.0%) was provided from the hatching stage to 7 wk of age. All the birds were treated as per the rules described in Standards Relating to the Care and Management of Experimental Animals (Prime Minister's Office, Japan, 1980) and Guide for the Use of Experimental Animals in Universities (The Ministry of Educations, Science, Sports, and Culture, Japan, 1987).
Determination of the Phenotype
At 7 wk of age, the birds were slaughtered after collecting blood samples from the wing vein. The right side breast muscle (pectoralis major) was collected and stored at 4
• C for 48 h. Thereafter, meat sample was hollowed out parallel to the muscle fiber with a cork borer, 6.0 mm in diameter. The shear force value (N) of the hollowed sample was measured using 5942 Tensile Tester (Instron, Norwood, MA).
RAD Sequencing
We performed RAD-seq for 1 OS male, 4 WPR females, 5 F 1 males, and 215 F 2 individuals. DNA was extracted from the whole blood by the phenol-chloroform method. The concentration of DNA was determined with Qubit 3.0 fluorometer (Thermo Fisher Scientific, Waltham, MA). Forty nanograms of genomic DNA from each sample was used for preparation of RADseq library by the method described previously (Sakaguchi et al., 2015) . Approximately 370-bp fragments in the library were sequenced by HiSeq 2500 (Illumina, San Diego, CA) in a 50-bp single-end mode at Macrogen (Seoul, Korea). The read data were deposited in the DDBJ Sequence Read Archive (accession no. DRA006421). The reads were trimmed with Trimmomatic (Bolger et al., 2014) using the following parameters: LEADING:19 TRAILING:19 SLIDINGWIN-DOW:30:20 AVGQUAL:20 MINLEN:51. The trimmed reads were mapped to the domestic chicken genome (GCA 000002315.3 Gallus gallus-5.0), and SNPs were called with stacks (Catchen et al., 2013) .
For SNP marker selection, we selected the RADtags that had completely different alleles between the 2 parental breeds and were genotyped in more than 80% individuals among a total of 215 F 2 birds. Linkage analysis was performed using the Map Manager QTX b20 software (Manly et al., 2001 ) to construct a linkage map. The genetic distance (cM) was calculated using the Kosambi map function (Kosambi, 1943) with linkage criterion P = 0.001.
QTL Analysis
The phenotypic traits were compared among OS, WPR, and the F 1 and F 2 birds with 1-way ANOVA followed by Tukey's HSD test using the JMP software version 11.20 (SAS Institute Japan, Tokyo). Prior to QTL analysis, the environmental effects (sex, hatching date, and F 1 dam) that showed a P-value less than 0.05 were adjusted by using the least squares method in the JMP software. Additionally, to analyze the sex-specific effects, we also adjusted the phenotypic data based on the hatching date. The adjusted data were subjected to the Shapiro-Wilk's W test in the JMP software to check the distribution of normality.
The QTL analysis was conducted for 3 groups (males, females, and combined sexes). Simple interval mapping (Haley and Knott, 1992) was performed using the R/qtl software (Broman et al., 2003) . The genome-wide significant (5%), suggestive (10%), and sex-interaction thresholds of a single QTL were determined by 1,000 permutation tests for autosomes (Broman and Sen, 2009) . For the Z chromosome, the significant threshold of a single QTL was additionally calculated according to the methods of Broman et al. (2006) . The genome-wide 5% and 10% threshold levels of an epistatic interaction between the loci were estimated by 1,000 permutation tests using the function scantwo in the R/qtl software (Broman and Sen, 2009) .
The CI, percentage of phenotypic variance explained, additive effect, and dominant effect of QTL were computed by the R/qtl function according to the methods of Broman and Sen (2009) . The physical distance of CI (Mb) was also predicted by extending the distance to the position of the nearest flanking markers that were located outside the CI (cM) because the R/qtl software only calculates the genetic distance (cM). 
RESULTS AND DISCUSSION
Phenotypic Data
The shear force values in OS, WPR, F 1 , and F 2 birds are shown in Table 1 . The WPR and F 2 birds exhibited significantly low values compared to OS, whereas the F 1 birds showed an intermediate value between those obtained for the OS and WPR birds.
SNP Markers
In the single-end 50-bp RAD sequencing, we obtained a total of 305,878,876 reads that ranged from 7594,472 to 186,249 reads per individual (average = 1307174.7). Among these, 278,969,739 reads (average = 1192178.37) were used to create unique stacks. A total of 5,444 RAD-tags including SNPs were identified between 1 OS male and 4 WPR females. After exclusion of the markers that did not fit the Chi squared goodness-of-fit test (P < 0.05) and the genotyped markers in at least 80% of all F 2 samples, 545 SNP markers were found to be informative.
Linkage Map
The linkage map was constructed with 545 SNP markers, the summary statistics of which are shown in Figure 1 and Table 2 . The SNP markers were found to be distributed in 26 linkage groups (23 autosomes and the Z chromosome). Among the linkage groups, chromosomes 1 and 10 were divided into 2 linkage groups, because adjacent SNPs on these chromosomes were too distant (separated by approximately 14 Mb on chromosome 1 and 10 Mb on chromosome 10) for linkage to occur. The total length of the constructed linkage map was 2384.2 cM, and the average marker interval was 4.38 cM in terms of genetic distance and 861.0 Mb, with an average of 1.58 Mb, in terms of physical distance; this covered approximately 70% of the chicken genome (Warren et al., 2017) .
QTL Analysis
A significant main-effect QTL was detected between the 6.28 and 8.10 Mb SNPs on the Z chromosome, showing an logarithm of odds (LOD) score of 5.53 (Table 3) . The 1.8 LOD drop in CI was 26 cM (0 to 26 cM) in genetic distance and 9.68 Mb (2.51 to 12.19 Mb) in physical distance. This QTL explained 12.24% of the phenotypic variance with an additive effect of -0.34 in females and -0.31 in males. At this QTL, the allele derived from OS increased the phenotypic value.
Several studies have reported epistatic QTL in chickens for growth traits, egg-related traits, carcassrelated traits, anti-disease traits, and meat quality traits (Carlborg et al., 2003 (Carlborg et al., , 2006 Cheng et al., 2007; Wahlberg et al., 2009; Ankra-Badu et al., 2010; Tuiskula-Haavisto et al., 2010; Goto et al., 2011; Sheng et al., 2013; Yoshida et al., 2013; Goto et al., 2014) . To understand the complex control of QTL on quantitative traits, investigation of epistatic interaction is necessary in addition to the finding of main-effect QTL . In our analysis, a weak epistatic interaction was found between QTL at 6.28 and 8.10 Mb and at 68.65 and 79.60 Mb on the Z chromosome in males at chromosome-wide level. However, the probability of these interactions was less than 0.2 (data not shown). Hence, we could not adopt these QTL as significant ones in this study, with the result that no QTL with interaction effects were found for the chicken breast muscle shear force value. Although we could not find QTL showing epistatic interaction, the finding of a maineffect QTL for the shear force value mentioned above is probably the first case as far as research on QTL in chickens is concerned. However, unlike for chickens, QTL affecting the shear force value have been found 4 Physical position of confidence interval predicted by extending the distance to the position of the nearest flanking markers located outside the cM confidence interval.
5 Genome-wide significant QTL detected ( * = 5% level). 6 Percentage of the phenotypic variance explained by the QTL. 7 Additive effect of the QTL shown in standard deviation units. 8 Phenotypic differences between 2 possible genotypes in each sex at the nearest marker locus, a homozygote for the Oh-Shamo allele (A) and heterozygote (H) in males, and 2 hemizygotes for the Oh-Shamo (A) or White Plymouth Rock (B) allele in females estimated using the Student's t-test. in other species. In cattle, Casas et al. (2003) detected QTL for rib shear force values on chromosomes 20 and 29. In pigs, Roher et al. (2006) discovered QTL for shear force values in the longissimus muscle on chromosomes 2 and 15 based on the resource family with parental breeds Duroc and Landrace. Markljung et al. (2008) identified QTL for shear force values on chromosomes 2 and 3 in Hampshire and Landrace breeds. Furthermore, by intercrossing Duroc and Pietrain, QTL for shear force values were identified on chromosomes 2, 6, 7, 9, and 15 (Liu et al., 2007; Edwards et al., 2008; Casiro et al., 2017) . In sheep, Johnson et al. (2005) discovered a QTL on chromosome 2 for semimembranosus and loin shear force values in Texel breed.
Judging from the reference sequences of Gallus gallus-5.0-Primary Assembly (http://www.ncbi. nlm.nih.gov/genome/?term=chicken), 151 genes exist between the 1.8-LOD drop support interval. Among 151 genes, the function of 54 genes has been known in human. According to the studies of 54 genes, 2 genes KIF24 and TLN1 were thought to be involved to the shear force value and therefore raised as potential candidate genes. KIF24, which is clustered in the kinesin-13 family, encodes the protein-related structure associated with microtubule depolymerization (Ems-McClung and Walczak, 2010; Kobayashi et al., 2011) . TLN1 encodes a cytoskeletal protein that plays a role in the regulation of cell-cell adhesion (Sakamoto, et al., 2010; Xu et al., 2016) . Further approaches such as RNA expression analysis (Le Bihan-Duval et al., 2011; Roux et al., 2015) for each gene would be of interest in determining whether these are the actual candidate genes.
In conclusion, we identified a main-effect QTL affecting breast muscle shear force value using a unique native Japanese chicken breed OS and RAD-seq technique. To our knowledge, this is the first study with regard to 2 aspects: (1) in the use of RAD-seq for developing SNP markers for chicken QTL analyses and (2) in determining the QTL that influence the chicken muscle shear force value. This study is the first step toward genome breeding for controlling the tenderness of chicken meat.
